INTRODUCTION {#rrz009s1}
============

The natural course of lung cancer is unfavorable, with a 6% 5-year overall survival (OS) rate even for Stage I (Stage IA: T1N0M0 or Stage IB: T2aN0M0) non--small-cell lung cancer (NSCLC) \[[@rrz009C1]\]. The Japanese Lung Cancer Registry Study showed that the 5-year OS rates of 6295 patients with clinical Stage IA and 2339 patients with Stage IB were 82% and 67%, respectively, when surgical resection was performed \[[@rrz009C2]\]. Owing to the aging of the population, underlying lung diseases (e.g. severe emphysema), as well as other diseases (e.g. diabetes mellitus, heart diseases and cerebral vascular diseases), are becoming more common. The number of patients who refuse surgery is also increasing, which makes surgical treatment difficult for lung cancer patients. Furthermore, aging of the population has resulted in an increase in the number of patients who refuse surgery.

Stereotactic body radiotherapy (SBRT) has demonstrated excellent outcomes for 57 patients with Stage I NSCLC, which appears comparable to the outcome of surgery \[[@rrz009C3]\]. Although surgical resection is the most reliable treatment for Stage I NSCLC, SBRT is becoming an option for patients with surgically inaccessible tumors \[[@rrz009C4]--[@rrz009C6]\]. In this study, we used compensator-based non-coplanar intensity-modulated radiotherapy (ncIMRT), which is an IMRT optimized by using adequate non-coplanar beams. We therefore started a Phase II study of compensator-based ncIMRT for patients with Stage I NSCLC to evaluate its effectiveness and treatment-related toxicities.

PATIENTS AND METHODS {#rrz009s2}
====================

Patient eligibility {#rrz009s2a}
-------------------

The Ethics Committee of Tokyo Medical University Hospital approved this study (Approval No. IRB-1625), and all patients gave written informed consent to participate in the study. The eligibility criteria included the following conditions: (i) age of 20 years or older; (ii) performance status of 0 or 1 according to World Health Organization guidelines; (iii) a diagnosis with NSCLC by cytology or histology, or a clinical diagnosis with NSCLC by findings on positron emission tomography (PET-CT), or a tumor that had increased by \>25% by CT when a histological diagnosis was not made; (iv) clinical stage of T1--2aN0M0 according to the 7th UIBC TNM classification by CT or PET-CT taken within the past 40 days; (v) medically inoperable conditions determined by the cancer board (which consists of thoracic surgeons, medical oncologists, radiation oncologists and diagnostic radiologists). Patients with suspected mediastinal lymph node metastasis by PET-CT underwent biopsies of endobronchial ultrasound and had no metastasis confirmed pathologically. Patients who had previously received radiotherapy for the area near the tumor, had pleural effusion, or had a prognosis of \<6 months, were excluded from the study.

Radiotherapy methods {#rrz009s2b}
--------------------

Treatment procedures have been described elsewhere and briefly described thereafter \[[@rrz009C7]\]. All patients were immobilized in the supine position using a body-fixed shell system (Pelvicast; Orfit Industries n.v., Wijnegem, Belgium) so as to be in exactly the same position and to reduce the tumor motion. Tumor motion was restricted to within 1.0 cm, by fixing the body shell system, allowing ncIMRT planning, otherwise the therapy would have been considered unsuitable. The planning CT was taken in both inspiration and expiration phases under normal breathing conditions. These images were transferred to the target drawing machine (MIM maestro ver. 6.1, MIM Software Inc., Cleveland, USA), and the clinical target volume (CTV) was delineated to cover the gross tumor volume with a 0.5 cm margin in all directions on the CT images taken during the expiration phase. The internal target volume (ITV) was then generated by piling CTV images taken in the inspiration phase. The planning target volume (PTV) was created by adding 0.5 cm in all directions to the ITV. Organs at risk (OARs), such as the left lung, the right lung, the heart, the spinal cord and the esophagus, were also delineated. The lung volume was defined as the entire lung parenchyma excluding the gross tumor volume (GTV). These images were sent to the treatment planning system (Xio ver. 4.6 system, Elekta AB, Stockholm, Sweden). In order to maintain daily positioning accuracy, we performed CT to adjust the isocentric position before every treatment during the first week. If the positioning errors were within 3 mm in all directions, the positioning check was performed once a week thereafter.

The prescribed dose was determined to be 75 Gy in 30 fractions over 6 weeks; 95% of the prescribed dose was set to cover 95% of the PTV. The prescribed doses were usually input as follows: minimum and maximum doses were determined to be 75 Gy and 85 Gy for both CTV and PTV; the ipsilateral lung volume exceeding 20 Gy and 10 Gy were determined to be \<20% and \<40%, respectively; The contralateral lung volume exceeding 20 Gy and 10 Gy were \<5% and \<10%, respectively. The maximal doses to the spinal cord and the esophagus were determined to be \<40 Gy and \<50 Gy, respectively. Five non-coplanar beams were usually arranged to reduce the lung doses and to avoid exceeding the dose limits to the OARs, such as the spinal cord and the esophagus, according to the previous report \[[@rrz009C7]\]. The dose to the bronchus was obtained by calculation using the dose distributions and was confirmed to be \<3 ml at \>75 Gy in 25 fractions \[[@rrz009C8]\]. Usually, three coplanar beams from below and two non-coplanar beams from above, or four coplanar beams from below and one non-coplanar beam from above were used. If these dose distributions were considered inadequate, 7 or 9 ports were selected. Treatment planning for the ncIMRT was calculated, using the treatment-planning machine, to fulfill the above conditions, and compensated filter data were generated. After the dose distributions that were calculated using the compensated filter data were approved by the radiation oncologist, the compensated filter data were sent to a company (.decimal, Inc, Sanford, FL, USA). The filters, which were made by the company according to the data, were tested for clinical use using the 3D radiation detector (Delta 4, ScandiDos AB, Uppsala, Sweden). Chemotherapy was not performed during radiotherapy.

Evaluation and analysis {#rrz009s2c}
-----------------------

Patients had a follow-up appointment every 3 months after completion of radiation treatment. They underwent chest CT scans every 3 months for 2 years, and then every 6 months thereafter. When recurrence was suspected, tight follow-up CT or PET-CT was performed. The final judgment regarding recurrence was made by the cancer board. To evaluate the treatment method, the percentage of the total lung volume exceeding 20 Gy (V~20~) from the total lung dose--volume histogram (DVH) was calculated \[[@rrz009C9]\]. Tumors were divided into two groups: namely, central tumors and peripheral tumors, in accordance with the criteria of Timmerman \[[@rrz009C10]\]. Acute and late treatment-related toxicities were assessed according to Common Terminology Criteria for Adverse Events (CTCAE), ver.4.0.

In the beginning of this study, the primary end point was determined to be OS, and the secondary end points were local control and treatment-related toxicities. The null hypothesis of OS for the usual type of fractionated radiotherapy was chosen to be 60%, and of OS for ncIMRT was estimated to be 80%. Then, the required number of patients was calculated to be 41 patients when alpha and beta errors were 5% and 15%, respectively, using the SWOG statistical tool 'One Arm Nonparametric Survival' (SWOG Statistical Center, Seattle, WA, USA) based on Brookmeyer--Crowley method. All data were calculated from the day of completion of ncIMRT. Median values were compared by the Wilcoxon--Mann--Whitney test. Local control and OS rates were calculated using the Kaplan--Meier method, and differences were evaluated by the Log-rank test. Multivariate regression analyses using the Cox proportional hazards model were performed to find risk factors. A *P*-value of 0.05 or less was considered to indicate a statistically significant difference between groups. Data were analyzed using statistics software (R software v. 3.1.0, R Foundation for Statistical Computing, Vienna, Austria).

RESULTS {#rrz009s3}
=======

Between March 2012 and March 2014, 48 patients with NSCLC (50 tumors) were enrolled and treated by ncIMRT at Tokyo Medical University Hospital. Patient characteristics are summarized in Table [1](#rrz009TB1){ref-type="table"}. Of the 50 tumors, 17 (34%) were diagnosed as NSCLC by pathological examinations, and the others by clinical data; 11 tumors (22%) were classified as central tumors and the remainder as peripheral tumors. Table 1.Patient and tumor characteristicsCharacteristicNo. of patients**Sex** **Men32**^a^ **Women18Age at diagnosis (years)** **Mean79.5** **Range49--90History of pneumonectomy** **Yes22** **No28**^a^**Performance status** **PS035**^a^ **PS115**^a^**Histology** **Adenocarcinoma11** **Squamous cell carcinoma4** **NSCLC2** **Unproven33T-stage** **T131** **T219Tumor location** **Central11** **Peripheral39**[^1]

The median follow-up period was 35.9 months (range, 3.8--64.7 months). The 3-year overall survival (OS) and local control (LC) rates were 87.1% (95% CI, 71.4--94.5%) and 82.6% (95% CI, 66.5--91.4%), respectively (Fig. [1](#rrz009F1){ref-type="fig"}). Seven patients (14.6%) demonstrated local failure during the median follow-up period of 12.7 months. Of these patients, two received re-irradiation and are surviving at the time of writing. Four patients requested palliative care, and the other requested treatment at other hospitals. Seven patients (14.6%) died after a median time of 18.6 months after the treatment. Five of these patients died of the progression of lung cancer, one of myocardial infarction, and the remaining one of aspiration pneumonia.

![The overall survival of patients (**a**) and the local control of tumors (**b**) from the completion of cIM-SBRT, which were estimated using the Kaplan--Meier method, are shown. The 3-year local control and overall survival rates were 82.6% (95% CI, 66.5--91.4%) and 87.1% (95% CI, 71.4--94.5%), respectively.](rrz009f01){#rrz009F1}

There was no significant difference in OS between central and peripheral tumors, T stages of T1 and T2, pathological proven and unproven tumors, sex, or age of \<80 years versus \>80 years by either univariate or multivariate analysis. Regarding LC, having a central tumor \[hazard ratio (HR) 5.8, 95% CI: 1.2--27.6, *P* = 0.03\] was the only significant risk factor among these factors on multivariate analysis.

Regarding acute treatment-related toxicities, such as fatigue, nausea, esophagitis and skin reactions, no patients demonstrated toxicities of Grade 2 or greater. Regarding late toxicities, two patients (4%) experienced Grade 2 radiation pneumonitis (RP) according to the CTCAE, and there were no patients who experienced toxicities of Grade 3 or greater. The V~20~ values of the two patients with RP were 16.9% and 17.5%, respectively, which appeared to be higher than the average of 9.3% (range, 2.2%--19.8%). Six patients had a higher dose area of 75 Gy in the bronchus and the volume ranged from 0.18 ml to 1.52 ml. No patients suffered from treatment-related toxicities regarding the bronchus. No significant differences were observed between patients with a central tumor and those with a peripheral tumor with regard to adverse events, as shown in Table [2](#rrz009TB2){ref-type="table"}. Table 2.Treatment-related toxicities during and after radiotherapy according to CTCAE ver. 4.0ToxityTotal (*N* = 50)Central (*N* = 11)Peripheral (*N* = 39)Grade 2Grade 3 or greaterGrade 2Grade 2**Esophagitis2002Pneumonitis2002Cough4004Skin reaction4004Rib fracture0000**

DISCUSSION {#rrz009s4}
==========

This prospective study showed the clinical results for patients with surgically inaccessible Stage I NSCLC that was treated by ncIMRT. Excellent 3-year LC and survival rates of 82.6% and 87.1%, respectively, were achieved with minimum treatment-related toxicities. These results were obtained regardless of tumor location, T stage of T1 or T2, age, sex, or whether the tumor was pathologically proven or not, and verified the estimation we made at the starting point. The only significant risk factor was the LC rate between central tumors and peripheral tumors.

In our previous study, we reported that the ncIMRT plan provides high doses of radiation to the margin of the target and reduced doses to the lung compared with non-coplanar planning without intensity modulation for patients with Stage I NSCLC \[[@rrz009C7]\]. In IMRT using multi-leaf collimators (MLCs), intensity-modulated beams are made by the summation of many collimated beams, whereas in ncIMRT, intensity-modulated beams are made by compensators. If the target is stable, dose distributions from compensator-based IMRT should theoretically be identical to those of MLC IMRT. However, if the target moves, the former IMRT irradiates parts of the target, and as a result, the target is unevenly irradiated. In contrast, ncIMRT constantly covers the target and therefore the target is evenly irradiated \[[@rrz009C11]--[@rrz009C14]\]. Therefore, ncIMRT is beneficial for the treatment of moving targets. If the power of the linear accelerator increases, ncIMRT may have more benefits over MLC IMRT \[[@rrz009C15]\]. Thus, the compensator is well matched with the high-dose-rate flattening filter-free (FFF) beams, and the combination of the compensator and FFF beams enables IMRT to be performed in only a few seconds. Consequently, we believe that patients will be able to undergo ncIMRT under breath-holding conditions, just like when taking a chest X-ray, and also under the inspiration phase, which reduces the irradiated volume of the underlying lung. Therefore, we used the compensator-based system instead of MLC-based IMRT for the moving target. Furthermore, compensator-based IMRT can reduce the number of steps in the quality assurance procedures, because the movement of the MLC does not need to be checked.

Over the last decade, SBRT has become a widely used treatment for patients with inoperable Stage I NSCLC. This therapy concentrates radiation onto small targets using many non-coplanar beams, while only exposing the surrounding tissues to a low dose of radiation. If the low dose of radiation is negligible, the therapy will be ideal. Uematsu *et al.* started hypofractionated radiotherapy for Stage I NSCLC using the SBRT technique, and has obtained highly favorable results \[[@rrz009C16]\]. Several studies have shown similar highly favorable LC rates of 83--98%, comparable with those of surgery, with a limited treatment-related toxicity (0--30%) \[[@rrz009C17]--[@rrz009C22]\].

Fractionated radiotherapy is basically used for lung cancer to increase the therapeutic ratios, which are the rates of response against treatment-related toxicities. We believe that fractionated radiotherapy should be more favorable than hypofractionated radiotherapy, even when the SBRT technique is used, because SBRT is not a special therapy but a highly collimated type of radiotherapy. Furthermore, there have been no Phase III studies comparing SBRT and fractionated radiotherapy. Therefore, we treated patients with Stage I NSCLC with usual fractionation using ncIMRT techniques. We determined the ncIMRT dose to be 75 Gy in 30 treatments, covering 95% of the PTV. This schedule of 75 Gy in 30 fractions was calculated to be provided by 93.8 Gy in daily 2 Gy fractions when tumor alpha/beta ratios were assumed to be 10 Gy (equivalent dose). The dose appeared to be almost 100 Gy at the isocenter, and the tumor was irradiated more evenly by the intensity-modulated method than by the usual non-colpanar method \[[@rrz009C23]\]. The clinical results were almost equivalent to those of other studies in terms of LC and survival rates. No treatment-related toxicities of Grade 3 or greater were observed for either central or peripheral tumors, although many patients had underlying lung diseases that made it impossible to perform surgery. For Stage I NSCLC, a number of prescription doses achieving ≥100 Gy in equivalent dose showed more favorable LC and survival rates than prescription doses of ≤100 Gy, when the reference point was set at the isocenter \[[@rrz009C24]\]. Baardwijk *et al.* evaluated the radiation doses that were required to eradicate Stage I NSCLC, and found correlation between the marginal dose to the PTV and local tumor control by meta-analysis \[[@rrz009C25]\]. Concerning central tumors, Timmerman *et al.* reported that patients with central tumors had an 11 times higher incidence of severe treatment-related toxicities than those with peripheral tumors \[[@rrz009C10]\]. After his report, several dose fractionations were successfully proposed \[[@rrz009C26]--[@rrz009C30]\]. Senthi *et al.* reviewed 563 central tumors from 20 publications. From the findings, 2- and 3-year LC rates were ≥85% when the prescribed biological equivalent dose was ≥100 Gy. Grade 3 or 4 toxicities developed more commonly following SBRT for a central tumor, but in \<9% of patients \[[@rrz009C31]\]. In our study, we treated 11 patients with central tumors, but they did not experience any severe adverse events. Investigation of the optimal dose-per-fraction SBRT schedule for patients with central NSCLC is ongoing in RTOG study 0813. Fractionated ncIMRT of 75 Gy in 30 fractions in our study may be one safe alternative option for the treatment of central tumors of Stage I NSCLC, so we used the same dose fractionation for both central and peripheral tumors.

The CALGB 39904 trial prospectively assessed the efficacy of accelerated 3D conformal radiation therapy (3D-CRT) of 70 Gy in 17--29 fractions for patients with early-stage NSCLC. This therapy was well tolerated and severe treatment-related toxicities were not observed in the fraction size of 2.41 Gy or 2.69 Gy \[[@rrz009C32]\]. Fang *et al.* reported that the 5-year LC rates for patients with Stage I NSCLC who underwent 3D-CRT with 66 Gy was 70% \[[@rrz009C33]\]. Thereafter, dose escalation studies were conducted, but none of them were able to demonstrate superiority due to an increase in adverse events \[[@rrz009C34]--[@rrz009C36]\]. The first randomized Phase II trial comparing SBRT of 66 Gy in 3 fractions with 3D-CRT of 70 Gy in 35 fractions (The SPACE trial) was performed for Stage I medically inoperable NSCLC \[[@rrz009C37]\]. No differences between the SBRT and 3D-CRT groups were found in 3-year progression-free survival or OS rates. Our treatment schedule of 75 Gy in 30 fractions was between hypofractionated SBRT of 66 Gy in 3 fractions or 48 Gy in 4 fractions and standard fractionated ncIMRT of 70 Gy in 35 fractions, in the BED calculation \[[@rrz009C38]\]. Regarding treatment-related toxicities, incidence rates of esophagitis were significantly higher in the 3D-CRT arm (*P* = 0.006), but this did not apply to pneumonitis or dyspnea. Therefore, the SBRT technique may be effective for reducing treatment-related toxicities.

Many patients had underlying lung diseases, which decreased the threshold of the radiation tolerance dose of their lungs. Recently, low-dose radiation to a wide volume of the lung was pointed out to be a risk factor for RP. Young *et al.* showed that V~5~ was the only significant factor for RP when pulmonary metastases were treated by helical-tomotherapy--based radiotherapy \[[@rrz009C39]\]. Low-dose radiation over a large volume may be a risk factor, even if the underlying lung is nearly normal. In our study, 34% of the patients had a history of lung resection, but none of the patients experienced severe lung toxicity (≥ Grade 3). This therapy administers lower doses to the critical organs when the alpha/beta ratio is assumed to be 3 for estimating treatment-related toxicities. This would hence explain the low rates of toxicities.

In our study, 33 tumors out of 50 had no pathological diagnosis, mainly because of underlying lung diseases. These patients were treated for NSCLC, based on the decision of the cancer board. The clinical results were almost comparable with each other by uni- and multivariate analyses. This indicates that the diagnosis is reliable, and this increased reliability should increase the indication of this effective, safe, and less-invasive therapy.

This method continues to come in for occasional criticism as a long-term treatment now that stereotactic body radiotherapy is available in many institutions. However, it supplies effective and safe treatment, even with outdated machines, using compensating filters and no special equipment.

In conclusion, ncIMRT of 75 Gy in 30 fractions to the 95% PTV for patients with Stage I NSCLC is effective and safe, regardless of tumor location.
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[^1]: ^a^Includes patients who received two rounds of radiotherapy.
